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Abstract
XQCAT (eXtra Quark Combined Analysis Tool) is a tool aimed at determining exclusion confidence levels for
scenarios of new physics characterised by the presence of one or multiple heavy extra quarks which interact through
Yukawa couplings with any of the Standard Model quarks. The code uses a database of efficiencies for pre-simulated
processes of QCD-induced pair production of extra quarks and their subsequent on-shell decays. In the version
1.2 of XQCAT the efficiencies have been computed for a set of seven publicly available search results by the CMS
experiment. The input for the code is a text file in which masses, branching ratios and dominant chirality of the
couplings of the new quarks are provided. The output of the code is the exclusion confidence levels of the test point
for each implemented experimental analysis considered individually and, when possible, in statistical combination.
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the Standard Model (SM) with only one XQ representation
which couples only to the third generation SM quarks or
only to the SM light quark families. In contrast, various
theoretically-motivated scenarios of new physics predict a
new quark sector, i.e. more than one new quark, with general
couplings to SM quarks. Notable examples are composite
Higgs models or universal extra-dimensions. Hence, recasting
experimental limits for these scenarios can be a challenging
task. To avoid time-consuming simulations and dedicated
searches for scenarios which can already be excluded by
current data, we present a tool for reinterpretation of existing
experimental analyses, including those not made for XQs
searches, in terms of exclusion confidence levels (eCLs) for
XQ models. Our tool should serve as a useful preliminary
approach to understand in a quick way the regions of validity
of scenarios of new physics.
Solution method: The core of the tool consists in a database
of pre-simulated efficiencies (ǫ), defined as the ratio of signal
events which survive a given set of experimental cuts over
the total number of signal events. These efficiencies have
been computed simulating the process of pair production
and decay of XQs with masses in the range 400–2000 GeV
and implementing the selection and kinematics cuts of a set
of experimental searches at 7 and 8 TeV. The tool uses the
database to reconstruct any scenario where XQs couple to
SM quarks through Yukawa interactions and gives as output
the eCL of the test point, characterised by values of the XQ
masses and their branching ratios (BRs) into specific final
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states, for all the implemented searches. It also provides
eCLs for combinations of experimental searches when search
bins are uncorrelated. The method has been validated against
experimental analyses.
Restrictions: The efficiency database has been built un-
der the following hypotheses: QCD-induced pair production
of quarks with masses from 400 GeV to 2000 GeV with
steps of 100 GeV; the electro-weak (EW) couplings of XQs
with SM states have a dominant chirality, according to the
hypothesis that new quarks are vector-like and that a new
chiral generation is excluded with high confidence level (see
main text for more details); in v1.2 the number of searches
implemented is limited: four supersymmetric (SUSY)
inspired CMS searches for final states with jets, missing
transverse energy and variable number of leptons at 7 TeV
[1-4], two SUSY-inspired CMS searches at 8 TeV (updates of
two of the implemented 7 TeV searches) [5,6] and one CMS
direct search at 8 TeV of a vector-like t′ (a top quark partner)
coupling to third generation SM quarks [7]. The code also
relies on the possibility of reproducing experimental results
by using a cut-and-count analysis technique and applying a
eCL procedure.
Running time: Around 30 seconds with two XQs and
with 100k toy Monte Carlo (MC) experiments yelding spe-
cific numbers of signal and background events to determine
the eCL (tested on a DELL Precision M4700 laptop with a
Kubuntu Linux 12.04 distribution).
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1. Introduction
Different classes of new physics models predict the
existence of new heavy extra quarks (XQs). While
the existence of a fourth chiral generation has been ex-
cluded with high confidence level under the assumption
of a Standard Model (SM)-like Higgs boson, vector-like
quarks cannot be excluded due to their decoupling prop-
erty. Such new top partners can naturally exist near
the EW scale without upsetting the existing measure-
ments, and are often crucial to cure the divergences
in the Higgs mass corrections in scenarios going be-
yond the Standard Model (BSM). Notable examples in-
volve models with composite Higgs states [1–9]. They
also appear as manifestations of extended symmetries
in models of Little Higgs [10, 11] and in Grand Uni-
fied scenarios [12, 13] or as excitation modes of the
SM quarks in theories with extra dimensions [14–17].
New heavy quarks have also been the subject of intense
experimental efforts, that resulted in a large number of
analyses aimed at putting bounds on their masses un-
der specific hypotheses on their nature [18, 19]. Ex-
perimental searches on new heavy XQs, either chiral or
vector-like, are usually done under specific assumptions
about the couplings of the new quarks to SM states. To
date, the general assumption is that new quarks predom-
inantly couple to either the first or the third generation of
SM quarks and therefore kinematics cuts are tuned to be
sensitive to specific final states. In addition, bounds on
XQs masses are set assuming the existence of only one
new quark besides the SM states and obtained for differ-
ent values of their branching ratios (BRs). Considering
a simple extension of the SM with a single vector-like
quark representation besides the SM states, the allowed
physical states are limited, so that vector-like quarks can
only appear with four different charges: two standard
partners of SM quarks t′ and b′ (with electric charges
+2/3 and −1/3, respectively) and two exotic quarks X
with charge +5/3 and Y with charge −4/3, respectively
(see, e.g., [20–22]). It is possible to build scenarios with
more exotic vector-like quarks, but they will not inter-
act directly with SM quarks due to the large charge gap.
Thus, they will undergo chain-decays (i.e. decay into
each other) or a three-body decay, to reach a final state
composed of SM particles. For the most recent exper-
imental bounds for vector-like t′, b′, X and Y quarks
we refer to the ATLAS and CMS public results Web
pages [18, 19].
Constraining BSM scenarios that predict the exis-
tence of a new sector of quarks requires a reinterpreta-
tion of experimental data, which often is not limited to
a rescaling of experimental bounds to account for dif-
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ferent masses or BRs. The presence of more quarks that
contribute to the same final state and the possibility of
having interactions not accounted for by the experimen-
tal analysis make the determination of allowed and ex-
cluded regions in the parameter space of the scenario
under consideration quite challenging. Conversely, per-
forming full simulations to determine these regions lim-
its the possibility to effectively scan on the parameter
space of the model considered. The purpose of XQCAT
is to provide the high energy physics community with a
fast and reliable method to determine in a conservative
way (see Sec. 6.1) the excluded parameter regions of a
generic model with several XQs of different type.
The structure of the framework can be summarised
in the following points (a more detailed description is
provided in the following sections).
1. Monte Carlo (MC) simulations have been per-
formed for processes of QCD-induced pair pro-
duction and on-shell decays of XQs with different
masses and considering all possible decay channels
allowed by the assumption of Yukawa mixing with
SM quarks.
2. The selection and kinematics cuts of a number
of experimental searches have been implemented
and applied to the signal obtained with the MC
simulation to create efficiency database entries for
each quark, each mass and each possible channel.
The efficiencies ǫ are defined as the ratio of signal
events which pass the cuts with respect to the total
number of signal events (minimum-bias hypothe-
sis), and they also include detector acceptance ef-
fects.
3. After an appropriate validation, the efficiency
database, together with a cross section repository,
has been included in the public tool, which then has
only to apply simple analytical relations to obtain
the number of signal events that survive the experi-
mental cuts for the provided input, which only con-
sists of masses and BRs of the XQs present in the
benchmark point under consideration. The num-
ber of signal events is given by the simple relation
S = σ L BRQ→qB BR ¯Q→q¯B ǫQ ¯Q→qq¯BB, where σ is
the cross section for pair production of the XQ Q,
L is the integrated luminosity, q are SM quarks and
B is a SM boson (W, Z or H).
4. Finally, considering the public experimental data
about observed events, background, and uncertain-
ties, the tool computes the exclusion confidence
level (eCL) of the benchmark analysed. The eCL is
obtained by using a Monte Carlo procedure to run
a series of toy experiments. For each of these toy
experiments, the mean value of the Poisson distri-
butions of signal and background events follows a
Gaussian distribution with uncertainties provided
by the user (for the signal) and by experimental
data (for the background). The eCL is then com-
puted through a CL(s) procedure [23, 24] by as-
suming that the signal and background distribu-
tions are Poissonian and centered on the values de-
termined by the toy experiments.
The timescale for obtaining the output of XQCAT
depends on the number of heavy quarks in the input
benchmark, on the number of combinations for their de-
cays and on the level of accuracy the user would like to
achieve. Higher accuracies are achieved by increasing
the number of iterations of the MC analysis which de-
termines the eCL. A run can therefore take from few
seconds to some minutes increasing with the number of
input states, decay channels and/or iterations. The pub-
lic part of the code that computes the number of signal
events for the input provided has been written in Perl
and does not require any further external library. The
limit code, which computes the eCL through a simple
MC analysis, has been written in C++ and requires a ba-
sic ROOT [25] installation (the code has been tested on
a ROOT 5.34.09 version). The XQCAT code therefore
requires basic Perl, C++ and ROOT, and does not need
to be installed: it can be used out-of-the-box by set-
ting the parameters in the input and initialisation cards
and by running the main executable. The non-public
part of the project consists in the MC simulations of the
pair production and decay processes and on the subse-
quent hadronisation, detector simulations and efficiency
extraction. Storing all the kinematical information of
the simulated events for all channels and all masses is
not practically feasible, while storing the efficiencies is
by far more convenient in terms of memory size, as the
database is composed of text files.
There are other recasting tools on the market, as
SModelS [26, 27] and Fastlim [28]. These tools are
similar in concept to XQCAT, but they are dedicated to
testing SUSY scenarios, and therefore they are comple-
mentary to XQCAT in terms of the new physics scenar-
ios they are able to constrain.
Other publicly available tools are in principle able to
perform the same analysis as XQCAT, but with different
characteristics. CheckMATE [29, 30] and MadAnaly-
sis [31–33] accept simulated events and apply the selec-
tion and kinematic cuts of a large number of analyses
already present in their database. The main difference
between XQCAT and these tools is the possibility (in
XQCAT) to quickly perform scans over the parameter
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space of complex scenarios characterised by the pres-
ence of a large number of XQs: XQCAT already con-
tains a database of efficiencies for pre-simulated events,
and it simply sums the number of signal events for each
XQ present in the model in each channel, and recon-
struct the total signal by algebraic procedures. This
means that the user does not need to run event simula-
tions for each model benchmark they wish to test, as is
the case for CheckMATE and MadAnalysis5; full sim-
ulations can be performed to test only the most interest-
ing regions which can be determined in a conservative
way through XQCAT. One further difference is the set
of experimental searches contained in the database of
CheckMATE and MadAnalysis. Although the number
of search analyses implemented in these tools is cur-
rently greater than in XQCAT, the emphasis is different:
almost all the searches implemented in those tools are
SUSY-inspired, and therefore require large amounts of
missing transverse energy (MET) in the final state. The
presence, in XQCAT, of a search dedicated to the detec-
tion of vector-like top partners makes the current ver-
sion of XQCAT more suitable to test the scenarios we
are interested in. Nevertheless, in future developments
of XQCAT we are planning to interface our simulation
chain with their efficiency extraction codes, in order to
exploit larger databases and the possibility to implement
new searches (more specific for our purposes) in their
frameworks.
This paper serves as a description of the structure of
the full project, including the non-public modules used
to determine the efficiency database, and it is the in-
struction manual of XQCAT. The code has already been
used to produce physical results in a previous analy-
sis [34], where further details on validation steps and on
the structure of the code can also be found. The mod-
ules that extract the efficiencies have also been used pre-
viously to produce physical results, in Ref. [35], where
further details on the validation of this part of the project
can be found.
The code is publicly available for download and use
at the following address (Ref. [36]):
https://launchpad.net/xqcat .
2. Signal generation
XQCAT contains a database of efficiencies obtained
by applying the same cuts considered in experimental
analysis to simulated signal events. In this section, a
detailed description of the simulation steps and of the
underlying assumptions is provided.
2.1. Assumptions on the XQs
The basic assumptions about the properties of the
XQs are as follows.
• Their QCD interactions are exactly the same as for
SM quarks.
• They couple to SM quarks and with the SM Higgs
boson through Yukawa interactions. Therefore, the
only allowed representations for the XQs are sin-
glets, doublets or triplets [20–22]. Couplings to
all generations of SM quarks are allowed. We do
not consider couplings with other exotic vector or
scalar states. The general Lagrangian term which
describes the interaction between an XQ represen-
tation Q and any of the SM quarks qi is
– extra quark singlet
Lint = −λQiL,Rq¯iR,LH(c)QL,R + h.c. (1)
– extra quark doublet
Lint = −λQiL,R ¯QR,LH(c)qiL,R + h.c. (2)
– extra quark triplet
Lint = −λQiL,Rq¯iR,LτaH(c)QaL,R + h.c. (3)
where i = 1, 2, 3, τa are the SU(2) Pauli matri-
ces and the λQi’s are the corresponding Yukawa
couplings. The latter quantities are assumed to
be real parameters: while new non-zero complex
phases may be present for XQ mixing with the SM
quarks, they are expected to play a minor role in the
present phenomenological analysis and will be ne-
glected in the following. The requirement of stan-
dard Yukawa couplings with the SM quarks also
limits the charge of the XQs considered in the sim-
ulation: they can have charges −4/3, −1/3, +2/3,
+5/3. If no other new state is present in the model,
quarks with more exotic charges cannot interact di-
rectly with SM quarks and can only decay to SM
states through three-body or chain decays to other
XQs (e.g., Q8/3 → Q5/3W+ → tW+W+). Other
possible couplings have not been considered in the
first version of the code: for example XQs may
couple to SM quarks and to new neutral scalars or
vectors via
LSint = −λQiSL,R ¯QR,LS 0qiL,R + h.c. (4)
LVint = −λQiVL,R ¯QL,RγµV0µqiL,R + h.c. . (5)
These interactions may be possible in models
where the XQs couple to a dark matter candidate
(as in Universal Extra Dimensions) and they will
be included in future upgrades of the code.
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• Assuming a SM Higgs field, Eqs. 1, 2 and 3 im-
ply that the Yukawa and the gauge couplings of the
XQs to W, Z and H are (predominantly) chiral. Ac-
cording to this statement, proven in Refs. [20, 37–
40] for scenarios with one and multiple quark rep-
resentations, the chiralities of the XQ will be fixed
at the production level to be either left- or right-
handed.
• The EW couplings of the XQs are assumed to be
small enough that it is possible to factorize QCD
production from on-shell decays into SM quarks
and W, Z or H bosons in the narrow width approxi-
mation. This assumption is generally well satisfied
in most theoretical models predicting a new quark
sector.
2.2. Simulation details
The simulations have been performed for QCD-
induced pair production and on-shell decays of the XQs,
also including QCD initial- and final-state radiation ap-
pearing as separate jets j,
pp → Q ¯Q + {0, 1, 2} j (6)
The possible decays of the XQs depend on their charge
and the complete list is as follows (with the charge of
the XQs in decreasing order):
X → W+ui
t′ → W+di, Zui, Hui
b′ → W−ui, Zdi, Hdi
Y → W−di
(7)
with i = 1, 2, 3. The above decays amounts to 24 distinct
partonic states when summed over the 3 families. How-
ever, jets generated by light quarks (including charm)
are hardly distinguishable and hence ui = { j, t} and
di = { j, b}, giving a reduced total of 16 distinguishable
final states.
The tools used for the MC simulation are:
• MadGraph5 v.1.5.8 [41]: dedicated models in the
MadGraph v4 format have been implemented for
each particle, considering couplings of each chi-
rality and the models have been validated against
the UFO [42] models in Ref. [43] implemented
through the FeynRules package [44, 45]. This tool
has been used to simulate the QCD-induced pair
production process of Eq. 6. The kinematic cuts at
partonic level are those in the standard MadGraph
run_card; this is justified by the fact that the de-
fault cuts are looser than the selection and kinemat-
ics cuts of the experimental analysis implemented
in the tool, and therefore they do not remove sig-
nal events which would be relevant for the deter-
mination of the experimental efficiencies. Simula-
tion of QCD radiation has been included, but since
the jet merging procedure involves the interface be-
tween MadGraph and Pythia, the procedure and
related parameters are described in the dedicated
Sect. 2.3. The simulated events have been 80k for
each channel (split in two runs of 40k events each)
to allow for enough statistics (see Sec. 3 for more
details about checks on the statistics of the simu-
lation). The parton densities used for the simula-
tion are the CTEQ6L1 [46] and the scale factors
(renormalisation and factorisation scales) are set
automatically by MadGraph on an event-by-event
basis: the default MG5 algorithm sets both scales
on the central m2T scale of the event, which for the
case under consideration (pair production of heavy
particles) corresponds to the geometrical mean of
M2 + p2T for each particle [47]. The reason for us-
ing a MadGraph v4 model and validating it against
the UFO [42] implementations [43] is practical and
related to the tool we use for the simulation of the
decay chains (see BRIDGE below).
• BRIDGE v.2.24 [48]: The decays of the XQs are
simulated through BRIDGE, which adopts a MC
procedure for the decays. XQs are assumed to be
produced on-shell and then decayed. When sep-
arating production from decay, however, informa-
tion about the spin correlation between quark and
antiquark is lost. To preserve it, one should per-
form the matrix-level simulation of the full pro-
cess down to the final state instead of separat-
ing production from decay, but this is not practi-
cally feasible because too computationally inten-
sive. BRIDGE applies an approximation to ac-
count for spin correlations without explicit spin in-
formation, and this is been verified as satisfactory
in Ref. [48]. BRIDGE is also used to decay the
heavy SM states to the lightest ones. The decays
of the XQs Q and ¯Q are performed separately, con-
sidering the quark and the antiquark as indepen-
dent particles. By assigning 100% BRs to different
channels for quark and antiquark independently, it
is possible to perform the simulation independently
for each channel in order to obtain the correspond-
ing efficiencies. Of course this results in the sim-
ulation of unphysical scenarios, like t′ ¯t′ → tZ ¯tH
with 100% BR of t′ into tZ and 100% BR of ¯t′
into ¯tH. However, this will allow the rescaling of
the cross section corresponding to BRs in the final
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code.
• Pythia v.6.426 [49]: this is used to simulate initial-
and final-state radiation (via the parton shower
formalism) and hadronisation of the partonic fi-
nal state. The used flags are those of the default
pythia_card in MadGraph. In detail: parton
shower flags MSTP(61) for QCD initial state ra-
diation and MSTP(71) for QCD and QED final
state radiation have been set to 1 and the MSTJ(1)
flag corresponding to the fragmentation code has
been set to 1, i.e. string fragmentation accord-
ing to the Lund hadronisation model (more details
about these flags can be found in the Pythia man-
ual [49]). As a check of the consistency of the
switches, we have verified that the cross section
after Pythia (which can be retrieved at the end of
the Pythia log file) corresponds within 20% to the
cross section of the 2 → 2 process of the matrix-
element generator (MadGraph). To perform the jet
merging procedure, specific flags have been set,
and we refer to Sect. ?? for more details.
• Delphes v.2.0.2 [50]: detector simulation has been
performed using dedicated cards for ATLAS and
CMS, with suitable modifications from the default
Delphes cards to account for more accurate b-
tagging. The reason for using Delphes2 instead
of Delphes3 [51] is purely historical: the frame-
work has been used and validated in Ref. [35] and
the code itself has been customised and fully val-
idated against experimental data. However, future
updates of the efficiency database will rely on an
upgraded framework with a Delphes3 implemen-
tation.
• Efficiency code, not public (see Ref. [35] for fur-
ther details): the outcome of the simulation, i.e.
ROOT files from Delphes with full kinematic in-
formation about the signal events, is then passed to
the efficiency-extraction code, in which the selec-
tion and kinematic cuts of the implemented exper-
imental searches have been reproduced [35]. This
code is written in C++ and consists essentially in
functions for the identification of final states and
selection of events which survive the implemented
cuts. The list and properties of the implemented
searches, together with details about their valida-
tion, are provided in Sects. 5 and 6.
The full flow of the simulation can be found in
Fig. C.2. The total number of simulations (for each
mass) corresponds to the full set of combinations of de-
cay channels for the XQs. Since decays of particles and
antiparticles are treated independently, the total number
of simulated channels are 2×2+2×2+6×6+6×6 = 80,
and this number has still to be multiplied by 4 because
simulations have been performed for both coupling chi-
ralities and for two different LHC energies (7 TeV and 8
TeV), for a total of 320 simulations for each quark mass.
2.3. Jet merging procedure
Additional jets from initial- and final-state QCD ra-
diation can play a relevant role in the determination of
the kinematics of the scattering process. If the shapes
of kinematic distributions are modified by the pres-
ence of further jets, the efficiency of kinematic cuts
change and therefore the number of signal events may
increase or decrease. The inclusion of QCD radiation in
the simulation process can be done both at the matrix-
element level (MadGraph) and at the parton-shower
level (Pythia). The former is more suitable for mod-
eling hard and well separated jets, the latter is more ef-
fective in the description of soft and collinear radiation.
A consistent treatment of QCD radiation can be done
by adding jets both at the matrix-element level and at
the parton-shower level, and by using an algorithm to
merge the two methods and remove double counting in
the overlapping region. Within the MadGraph-Pythia
flow it is possible to apply different jet-merging algo-
rithms by setting the values of some dedicated parame-
ters and flags. The description of the jet-merging proce-
dure can be found in Refs. [52, 53] and in the MadGraph
wiki pages [54, 55]. In the following we will describe
our settings for the processes we have simulated in the
development of XQCAT.
At the MadGraph level, the jet-merging parameters to
set are in the run card:
• the switch ickkw, which selects the merging algo-
rithm, has been set to 1, corresponding to MLM
merging [56];
• the switch ktscheme, which selects the algorithm
to cluster final state partons into jets, has been
set to 1, corresponding to the Durham k⊥ algo-
rithm [57, 58];
• the xqcut parameter (minimal distance in phase
space between partons for the matrix-element cal-
culation) has been set to different values depend-
ing on the XQ mass. The “best” value of xqcut
has been chosen by checking the smoothness of
the differential jet rate distributions, as indicated
in Ref. [53], for each XQ mass we probed.
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All other jet-merging parameters have been kept to the
default values in the run card.
At the Pythia level, the jet-merging parameters can be
found in the pythia card:
• the Pythia MSTP(81) flag, which sets how showers
are ordered has been set to 20, corresponding to
p⊥-ordered showers;
• the MadGraph5 SHOWERKT flag, which applies
the shower-k⊥ scheme described in [53] has been
set to true;
• the MadGraph5 QCUT parameter has been set
to different values depending on the mass of the
XQ. However, by using the shower-k⊥ scheme, the
QCUT value can be set equal to the xqcut param-
eter (see Ref. [53]). A table of the xqcut(=QCUT)
values for each XQ mass can be found in the XQ-
CAT webpage [36].
All other Pythia switches have been kept to their default
values.
3. Construction of the efficiency database
The efficiencies are defined as the ratio of signal
events which survive a given set of experimental cuts
over the total number of signal events. They are
computed for each experimental bin and they include
acceptance effects of the detector simulation. Efficien-
cies computed with the simulation are stored in a folder
contained in the XQCAT core (see below, Appendix
B). Efficiencies are sorted according to the XQ mass
and its charge and also according to the experiment
(ATLAS and CMS, even if in the first version of
XQCAT only CMS analyses have been implemented
and validated) and the LHC energy at which the
experimental analyses have been done (7 or 8 TeV, in
the first version of XQCAT). A text file containing the
experimental efficiencies corresponds to each simulated
channel, for each experiment and for each LHC energy.
Every file contains the efficiencies for each bin of all
the implemented analyses. Efficiencies are contained
within tags which identify the experimental analysis,
and are stored as relative numbers (not percentages,
i.e. 1% is stored in the database as 0.01). A typical
efficiencies set contained in one of such files appears
as1:
1The example corresponds to the channel ZtZ ¯t for a predominantly
left-handed t′ at 400 GeV and for the CMS analysis B2G-12-015 at 8
TeV [59]. Note that the newline before the last numerical value has
been inserted just for a matter of presentation.
<CMS8 B2G12015>
5.12482917982918e-05 0.00201130951823688
0.00313643032084553
</CMS8 B2G12015>
where the numbers correspond to the efficiencies
for the 3 implemented bins of this specific search (see
Sec. 5 for more details.).
For all experimental searches certain bins have a very
low signal efficiency, while others are more important
for the determination of the eCL. The importance of
the bins is determined by computing the significance
S/
√
S + B for each bin with S = σLǫ (where ǫ is
the efficiency, and L is the integrated luminosity) and
the background B given by the experiment for that bin.
We define bins as relevant if their significance is larger
than the median of the distribution of the significances
of all bins in that search. In order to determine the
number of the cross section-weighted signal events with
an accuracy better than 20%, a requirement is placed
on the number of unweighted events2 for each relevant
bin. The 20% precision is achieved by requiring 25 un-
weighted event in each relevant bin: assuming events
follow a Poissonian distribution, the error on the num-
ber of events in a bin scales as N−1/2, so with 25 events
or more the relative uncertainty on the efficiency is be-
low 20%. We have performed additional simulations to
guarantee that at least half of the relevant bins contain
more than 25 events. As a further remark, it is useful
to notice that in the XQCAT framework all the back-
ground yields and uncertainties are those reported by
the experiment and, as such, each bin in the eCL calcu-
lation are treated as independent. This means that we
do not consider a correlated background estimate. If we
did, ignoring a bin where the signal is zero would not be
correct, because that bin still contains a measurement of
background and data, and can be used as an estimate of
the background to further constrain across all bins.
4. Determination of the eCL
The analytical and computational issues related to the
determination of the eCL and on how to interpolate val-
ues between simulated points have been extensively dis-
cussed in Appendix A of Ref. [34] and we refer the
reader to this reference for more details. In this sec-
tion, the purely code-related part of the eCL computa-
tion is discussed. The limit code (see Appendix B.2)
2In this context, unweighted events are all events that fall on the
relevant bins before weighting them with cross section and luminosity.
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performs a loop over the number of user-defined itera-
tions and over the bins of the considered experimental
analysis (or combination of analyses, if not correlated)
and builds Poissonian distributions for background and
signal+background. Specifically, for each bin and in
each iteration, the mean values λs and λb of the Poisso-
nian distributions are themselves Gaussian-distributed
around the central values of signal and background
events, respectively, with standard deviations given by
the uncertainties on the signal and background events
themselves. This procedure allows for the construction
of the likelihood ratio test-statistic Q for a given exper-
imental result ~X [23, 24]:
Q = L(
~X, s + b)
L(~X, b)
= e−
∑Nbins
i=1 si
Nbins∏
i=1
(
1 +
λs,i
λb,i
)ni
, (8)
where ni is the number of observed events. To define
the eCL for a given scenario with vector-like quarks, we
use p-values3 for the two hypotheses – with and without
signal – p(s+b) = 1−CL(s+b) and p(b) = 1−CL(b), re-
spectively, where CL(s+b) and CL(b) are corresponding
confidence levels. Then eCL is given by the following
relation:
eCL ≡ 1−CLs = 1−
CL(s + b)
CL(b) = 1−
1 − p(s + b)
1 − p(b) (9)
which can be found by integrating the distributions of
the test-statistics determined above. The 1, 2 and 3 σ
exclusions correspond to value of the eCL of approxi-
mately 0.68, 0.95 and 0.9973, respectively.
It can be useful to notice that the limit code can be
used as an independent module to determine the eCL for
any set of signals, backgrounds (with relative uncertain-
ties) and observations for any number of uncorrelated
search bins. To allow the user to access the limit code
as a separate piece, in the same folder, a self-contained
limit code file is provided, which can be customised and
run by compiling it with the provided makefile.
5. Implemented searches
All data exploited by XQCAT are presently public
and we intend it to remain so also in the future, irre-
spectively of the experimental source (ATLAS or CMS).
In the current version of the code, seven searches have
been implemented: four at 7 TeV and three at 8 TeV, all
by CMS. However, for each specific search, not every
3The p-value is the probability of finding a value of the test statis-
tics as or more extreme than the observed value, under the assumption
of a true null hypothesis.
bin has been considered for the extraction of the effi-
ciencies or for the computation of the eCLs. All details
about searches and their implementation are in the fol-
lowing list (that can be also found in Ref. [34]).
• Direct search of XQs We accounted in XQCAT for
the CMS analysis associated to the B2G-12-015
note [59], at √s = 8 TeV with a 19.5 fb−1 lu-
minosity sample, for a pair produced t′ quark that
mixes only with SM quarks from the third genera-
tion and can decay to W+b, Zt or Ht with variable
(user-defined) BRs. In the aforementioned pub-
lication, CMS extract the 95% eCL lower limits
on the t′ quark mass for different combinations of
its BRs using six alternative channels: two single
lepton (single electron and single muon), three di-
lepton (2 opposite-sign and 1 same-sign) and one
tri-lepton channel, all containing tagged b-jets in
the final state. No deviations from the SM pre-
dictions were observed when considering a large
number of benchmark points with different BRs.
In a cut-and-count approach the sensitivity of the
search is largely due to the multi-lepton channels,
while the single lepton channels require a more so-
phisticate treatment for the analysis (the so-called
BDT discriminants). The limits for the multi-
lepton channels only can be found in the wiki page
of the search [60] and the quoted observed bounds
are in the range 592–794 GeV, depending on the
assumed BRs. Among the channels available in
the search we have implemented one opposite-
sign, one same-sign and one tri-lepton channel, see
Sec. 6.2.2 for more details.
• SUSY searches XQCAT implements four searches
inspired by scenarios potentially induced by
SUSY, each characterised by the presence of a
different number of electrons/muons in the fi-
nal state and large missing transverse energy: 0-
lepton (αT ) [61], single lepton (Lp) [62], opposite-
sign dilepton (OS) [63] plus same-sign dilepton
(SS) [64], considering the entire 4.98 fb−1 2011
dataset at
√
s = 7 TeV. We also have accounted for
the updated αT analysis [65] and same-sign [66]
search at 8 TeV, based on 11.7 fb−1 and 10.5
fb−1 of luminosity, respectively. It has also been
checked that the selected searches are uncorrelated
and therefore it is possible to statistically com-
bine them without the need of a correlation ma-
trix, thereby yielding 95% eCL bounds at 7 TeV
(combination of 4 searches), 8 TeV (combination
of 2 searches) and 7+8 TeV (combination of 6
8
searches). The validation of the implementation of
these searches can be found in Ref. [35], to which
we refer the reader for details.
6. Code validation
Analogously to the eCL determination section, de-
tailed discussions about the code restrictions and the
validation procedure have been provided already in
Ref. [34], to which we refer for further details, while
in this section we will just summarise them.
6.1. Code limitations
It order to establish a robust and conservative exclu-
sion limit it is important to consider all the effects, not
included in our calculation, that can affect the compu-
tation of the eCLs, and in particular it is important to
identify those that can reduce the number of predicted
signal events. However, also an over-conservative esti-
mate would not be appropriate as it would give rise to
too weak a bound, making therefore important to con-
sider also the effects that can increase the final event
rate. The main factors that could in principle affect the
calculation of the eCLs are the following.
• Mass point interpolation: having computed the ef-
ficiencies just for a limited number of XQ masses,
at step of 100 GeV, when computing eCLs for
masses between simulated values we need to adopt
some interpolation procedures. We refer to Ap-
pendix A of Ref. [34] for a detailed description and
comparison of the various methods.
• Chain decays between XQs: we have not included
chain decays like Q → Q′V,V = W, Z, H in our
calculation in order to keep the tools simple. More-
over, even when these chain decays are kinemati-
cally allowed, direct decays to SM quarks are al-
ways dominant in the case of the presence of a
sizeable mixing with SM quarks, as common in ex-
plicit models.
• Decays into other states: we have not included de-
cays such as Q → qVBSM, with VBSM a new boson
present in the model and q a SM quark, since these
EW processes are highly model dependent and also
because the typical mass limits on VBSM are higher
than those on XQs, so that these decays are usually
not kinematically allowed.
• Interference effects: if more than one XQ is
present, the possibility of two XQs decaying into
an identical final state can lead to interference ef-
fects, that has been discussed in Ref. [67].
• Loop correction to masses and mixing: EW correc-
tions to mass and mixing of the XQs can in prin-
ciple remove or add their degeneracies and change
their BRs. However, also these effects are highly
model dependent and have not been included in the
tool. It is left to the user to check whether they are
relevant in the model of interest.
• Higher order cross sections: QCD corrections
highly affect the pair production cross section. The
effect can be added via a model independent k-
factor under the assumption that the kinematic is
unaffected and therefore we have implemented in
XQCAT the possibility to choose between the LO
and next-to-leading-order (NLO) cross sections.
The QCD-corrected cross sections have been com-
puted with the tool described in Ref. [68]: in this
reference the cross sections have been computed
at NLO, supplemented by next-to-next-leading-
logarithmic resummation (NLO-NNLL) in QCD.
Only the central values of the NLO-NNLL cross
sections from Ref. [68] have been implemented for
each XQ mass, and XQCAT does not automatically
evaulate uncertainties related to the scale depen-
dence of the cross section. However, the user can
set the uncertainty on the signal in the code settings
(see Appendix A), and this uncertainty should in-
clude – among other effects – such scale depen-
dence.
• Reproduction of experimental results obtained with
different analysis techniques: due to the fact that
the analysis techniques adopted in experimen-
tal studies are often more refined than the sim-
ple cut-and-count analysis considered in the XQ-
CAT framework, we avoid attempting to validate
searches which are more sensitive to and require
a more detailed understanding of the CMS detec-
tor, where the Delphes approach would become in-
valid, i.e. not where the bulk of the signal events
live or when correlations between variables are
considered, as in BDT [69] techniques. There-
fore a subset of the experimental bins is used in
the determination of the eCL (see Sec. 4). The
procedure of selection of the relevant bins is de-
scribed in some detail in the validation procedure
(see Sec. 6.2) and can also be found in Ref. [34].
6.2. Validation procedure
We have validated our tool by comparing our re-
sults to the experimental data for some specific chan-
nels and branching ratios, considering the CMS inclu-
sive search [59, 60]. The validation consists of two parts
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and has the purpose of testing the two main sections of
our framework: the limit code that computes the eCLs
and the code that extracts the efficiencies. While for the
case of the SUSY searches we refer, as mentioned, to
Ref. [35], we describe here below the essential features
of the validation procedure (referring again to Ref. [34]
for further details).
6.2.1. Validation of the limit code
We have performed this validation comparing the ob-
served and expected mass limits provided by the CMS
collaboration with the one computed by our code, in
order to find any discrepancy between the statistical
method that we use with respect to the one used by the
experimentalists. Since the validation of the limit code
relies entirely on public experimental data and does not
require any simulation on our side, we attribute any
discrepancy entirely to a different analysis techniques.
We found that with our basic cut-and-count technique
and with the eCL method described in Sect.4 we are
not able to reproduce the mass bounds considering the
single lepton channels. However, by considering only
multi-lepton channels we can reproduce the experimen-
tal expected and observed limits on mass bounds with
a discrepancy of −8% and −6% respectively (see Tab.1
in Ref. [34]). For this reason only multi-lepton chan-
nels have been considered in the implementation of this
direct search into XQCAT.
6.2.2. Validation of the efficiencies extraction code
The accuracy of the MC simulation, the correct im-
plementation of selection cuts and the correct reproduc-
tion of the true detector effects are the parameters that
mostly affects the computation of the efficiencies.
Validation of B2G-12-015. As stated previously in
Sect. 6.1, we avoid attempting to validate searches
which are more sensitive to and require a more detailed
understanding of the CMS detector, where the Delphes
approach would become invalid. In the case of B2G-
12-015, the single lepton channels are analysed by us-
ing BDT techniques, which cannot be reproduced by
our cut-and-count approach. Therefore, in the present
version of the tool, the calculation of the eCL is per-
formed by considering only three of the multilepton
channels. In order to validate the implementation of
B2G-12-015, we have checked the predictions of our
simulation against the results provided by CMS, both
by comparing differential distributions for various kine-
matic observables, and also by comparing the final se-
lection efficiencies for the various analysis channels.
The distribution plots can be found in the webpage of
XQCAT [36]: in all plots, the solid black line corre-
sponds to the prediction of our simulation while the
dashed red line represents the CMS results of Ref. [60]
for a top partner with a mass of 800 GeV which decays
in W+b, Zt and Ht final states with 50%, 25% and 25%
BRs, respectively. The reported CMS results are ap-
proximate, as tabulated figures are not provided by the
collaboration. Moreover, not all of the plots we have
considered appear in the CMS paper: most of the distri-
butions have been published only in Ref. [60]. For these
reasons, although the distributions we used for validat-
ing the analysis are not reported in this paper, to en-
sure that our results are publicly available we have de-
cided to publish them only on the XQCAT website. We
find a good agreement in terms of shapes for all distri-
butions, although for some of them the differences in
some bins can be up to a factor of a few. As there is
no information about how the CMS distributions were
obtained, we consider this approximate match an ac-
ceptable result. Moreover, the approximate agreement
we find at the level of differential distributions is re-
flected at the level of the selection efficiencies. Indeed,
the discrepancies between the number of signal events
computed with our simulation and the ones reported in
Ref. [59, 60] are within ±10% for all the multi-lepton
channels, except for the second opposite-sign di-lepton,
where we find an offset of around -40% for all masses
(see Tab.2 in Ref. [34]). This difference can however be
explained by the differences in implementing the detec-
tor effects and/or the selection cuts. We have then de-
cided not to include this channel in our implementation,
since a further exploration of these differences would
require a more accurate simulation of detector effects,
which is not possible with the tools currently available.
As mentioned, we have then restricted the implemen-
tation of this direct search to just three channels: OS1,
SS and 3L. Again, the comparison between the efficien-
cies computed in our simulation and the ones reported
in the search webpage [60] can be found in the XQCAT
webpage [36] and not in this paper. The validation of
XQCAT is finally summarised in Fig. 1, where we plot
the 95% eCL for a t′ in the BR(t′ → Wb)-BR(t′ → Ht)
plane, for the results obtained with XQCAT (a), the ex-
perimental results of Ref. [59] (b) and the difference be-
tween the two results (c), where we can see that our
results are consistent, within a 30 GeV range, for most
of the BRs configurations.
Validation of the SUSY searches. The validation of the
SUSY searches has been performed in Ref. [35] where
the authors provided a detailed description of the imple-
mentation of these searches. As the very same imple-
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Figure 1: 95% eCL for a t′ in the BR(t′ → Wb)-BR(t′ → Ht) plane,
for the results obtained with XQCAT (a), the experimental results of
Refs. [59, 60] (b) and the difference between the two results (c).
mentation has been used for the XQCAT simulations,
we refer to Ref. [35] for more details.
7. Conclusions and outlook
The XQCAT framework for the analysis of scenar-
ios with multiple XQs with standard Yukawa couplings
to any SM quark and boson (W, Z or H) has been pre-
sented. The code determines the eCL of any input sce-
nario characterised by masses and BRs of any number of
extra quarks with charges −4/3, −1/3, +2/3 and +5/3
based on the public data of seven CMS searches at both
7 and 8 TeV. The tool uses a pre-computed database
of efficiencies corresponding to the process of QCD-
induced pair production and decay of the extra quarks.
Details about the simulation procedure and the deter-
mination of the eCLs have been extensively provided
elsewhere. This paper focused on the computing side
of the project and had the purpose of describing the
whole XQCAT framework, both the simulation part and
the public output, and to be the manual of XQCAT. In
contrast, validation and restrictions of the code, as well
as techniques for the analysis of scenarios with multi-
ple quarks and interpolation methods, have been exten-
sively described in Ref. [34], as these issues are more
about the physical aspects of the analysis than the XQ-
CAT implementation.
As an outlook, we would like to list here future devel-
opments of the framework behind the XQCAT code. We
are planning to interface our simulation chain with pub-
licly available tools which can perform the efficiency
extraction, like CheckMATE and MadAnalysis. These
tools contain a large database of implemented searches,
and they allow the user to implement (and validate)
searches which are not yet present in their database.
Due to the cooperative nature of these tools, and to the
potential of having a larger database, future versions of
XQCAT will be developed exploiting them. In parallel,
we will investigate and validate the emulation of more
advanced experimental techniques, e.g. going beyond
cut-and-count analyses, considering boosted topologies
and so on. We also plan to enlarge the spectrum of sig-
natures and to include potentially relevant effects that
can modify the kinematics of the events. Specifically,
we aim at the following.
1. Inclusion of tree-level interference and one-loop
mixing effects between XQs, as discussed in
Ref. [67].
2. Inclusion of processes of single production of XQs.
3. Decays of XQs into invisible states.
4. Systematic treatment of cascade decays of XQs.
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Finally, we repeat here for clarity the main webpage
of XQCAT (Ref. [36]),
https://launchpad.net/xqcat
from where the source files can be found, alongside a
log of updates, modifications, bug-fixes, etc... A Q&A
section and a user blog will also be maintained therein.
Appendix A. How to use the code
This Appendix illustrates the general usage of the
XQCAT code that will enable a user to start run-
ning it straightforwardly. The settings.dat and
input_default.dat files present in the input folder
in the main directory of the code are the unique two files
that need to be edited by the user in order to provide the
necessary settings and physical input for a run.
The first file, settings.dat, presents the following
user customizable settings.
• iter: is the number of iterations that the limit code
will use to compute the eCL for a given scenario.
The default value is set to be 10000. Higher values
will guarantee an increase of the stability of the
results but the run time will be longer. Conversely,
decreasing this value will make the code run faster,
but the results will be less stable.
• sigunc: is the uncertainty on the signal rate that
will be used into the limit code. The default value
of 0.3 takes into account both the uncertainties on
the computations of the efficiencies and the uncer-
tainty on the QCD production cross section.
• combination: if this flag is set to 1 the code will
compute the eCLs also for the combinations of the
independent, and therefore statistical combinable,
searches. If it is set to 0 the eCLs will be computed
just for each of the searches independently. The
default value is 1.
• debug: if this flag is set to 1 the code will run in a
debug mode for which the MC generator that com-
putes the eCLs will use a fixed seed. This allows
the user to check the stability of the results with,
for example, different choices of iter or sigunc
or also of different choices of physical input pa-
rameters. If set to 0 the code will use a random
seed for the determination of the eCLs.
The input_default.dat file is an example of
how the physical inputs should be given to XQCAT.
When the code is run it will search for a file called
input.dat with the desired choice of physical in-
put that, if not found, will be created copying the
input_default.dat one. The input card requires the
user to provide the basic information of a BSM model
with an XQ sector that are masses, BRs and chiralities
of the couplings for each of the XQ with a given electric
charge that in the card are denoted as XVLQ,TVLQ,BVLQ
and YVLQ for quarks with charge +5/3, +2/3,−1/3 and
−4/3, respectively. The default input card that comes
with the code is:
#XVLQ: Mass Wu Wc Wt Chir(L=1, R=2)
#ENDXVLQ
#YVLQ: Mass Wd Ws Wb Chir(L=1, R=2)
#ENDYVLQ
#TVLQ: Mass Wd Ws Wb Zu Zc Zt Hu Hc Ht Chir(L=1, R=2)
1.00000000E+03 1 0 0 0 0 0 0 0 0 1
#ENDTVLQ
#BVLQ: Mass Wu Wc Wt Zd Zs Zb Hd Hs Hb Chir(L=1, R=2)
1.00000000E+03 1 0 0 0 0 0 0 0 0 1
6.00000000E+02 1 0 0 0 0 0 0 0 0 1
#ENDBVLQ
correspondingly to which XQCAT will calculate the
eCLs for a scenario with a quark of charge +2/3 that
has a 100% BR into W+d with a coupling with a dom-
inant left chirality and with two quarks of charge −1/3
that have a 100% BR into W−u with again a dominant
left chirality for the couplings. The header and footer
that identify each quark species should not be modified
by the user and they should be exactly above and below
the first and the last row of information on the quarks,
with no blank lines left between (that are not allowed
either between the various quarks for each specie). Fi-
nally, between mass, BR and chirality information en-
tries there should be one space character (no tab char-
acters are allowed in the input card) and a return to new
line character after the chirality information. There is no
limit on the number of XQs that can be used, although
with a larger spectrum the code will take more time to
compute the eCLs.
In order to run the code the user needs to type
./xqcat.pl into a command line in the main folder
of the program after which the presentation picture of
XQCAT will tell the user if the code is running or not
in debug mode. XQCAT will ask if the user wants to
compute the results using LO, with the choice 1, or
NNLO+NNLL with the choice 2, QCD-induced pair
production cross section. After this it will ask for the
user_run name of the folder in which the run results
will be stored, that can then be found in the folder
Results in the main directory of the program. No
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spaces are allowed in assigning the results folder name.
If a run with the chosen name is already present in the
Results directory, XQCAT will ask whether to cancel
it, with the choice 1, or rename it, with the choice 2, and
in the latter case it will ask for the name to which re-
name the old run folder. After this the code will start to
run and compute the eCLs for the given scenario print-
ing in stdout mode the search for which is calculating
the eCL, the progress on the number of iterations and
the final information for the given search (or combina-
tion): −2 log Q and the final eCL. During the run the
code will also compute the sum of the BRs for each
XQ giving an error message if the sum is above 1, after
which the code will exit. In the case that the sum of the
BRs is below 1 the code will give the user a warning,
but it will continue the calculation. This is motivated by
the fact that XQCAT can consider just decays into SM
quarks and bosons, but in principle there could be extra
decay channels present in the user’s model that will re-
duce the rates into SM final states. The code can also be
run in batch mode, in which case the user should type
into a command line in the main folder of the program
./xqcat.pl <1 or 2> <run_name>. Please notice
however that if the folder run_name is already present,
the code will ask interactively what to do with the old
folder even if the code is running in batch mode. When
the code is run in batch mode it is then necessary to
assign a non-existing result folder name or cancel the
folder after each run if performing multiple runs with
the same run_name in order to avoid the code to go in
interactive mode. The present version of the code does
not allow a parameter scan, the input.dat files corre-
sponds to a single configuration in the parameter space.
In case the user wishes to perform a parameter scan it
is necessary to write a script which should rename or
erase the previous result folder since the code will prob-
ably be run in batch mode. A scan script written in Perl
can be provided upon request and will be included in the
next version of the code.
The results of the run are summarised in the file
eCLs_summary.dat in Results/user_run in which
the information on the eCLs for each search (and, in
case, their combination) are stored. In the run_files
subfolder the user can find the files that have been used
by XQCAT during the computation, which are divided
in three directories, as follows.
• eCLs: these files, identified by the name of the cor-
responding search, report the values of −2 log Q
and eCL for each search (or combination). We
chose to keep them since it could be easier to ex-
tract the final results from these files than from
eCLs_summary.dat in case that XQCAT is run
with a script to allow, for example, a parameter
scan for a given model.
• cpp: these .cpp files, again identified by the
corresponding search name, contain the ROOT
based code used by XQCAT for the computa-
tion of the eCL and the physical information for
each bin of the search. They are generated by
the code from the prototype files contained in
core/limit_code and are filled with the phys-
ical information for signal, background and data
that are contained in the files created from the pro-
totype in core/exp_data_proto. Further details
can be found in Appendix B.
In particular bg_orig[i], bguncert_orig[i],
sig_orig[i], sigunc_orig[i], data[i] are
the background, background uncertainty, signal,
signal uncertainty and data for the ith bin of the
search where i = 0, nbin − 1. Except for the
quantities related to the signal, that are computed
by XQCAT, the other values can be found in
the corresponding experimental papers for which
the associated arXiv number can be found in
eCLs_summary.dat.
• root: these .root files, again identified by
the corresponding search name, contain the his-
tograms for the background and signal plus back-
ground distributions, together with the confidence
eCL histogram.
Finally, the core folder present in the main directory
contains all the subroutines of the code together with
the database information that XQCAT uses and that are
described in Appendix B.
Appendix B. Structure of the code
In this Appendix we describe the core of the XQCAT
code, which can be found in the core folder that con-
tains the cs_database, efficiencies_database,
exp_data_proto,limitcode and subroutine direc-
tories where the first three are the physics database of
XQCAT.
Appendix B.1. Database information
The cs_database directory contains four files:
cs_7TeV.dat
cs_8TeV.dat
cs_7TeV_NLO_NNLL.dat
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cs_8TeV_NLO_NNLL.dat
which contain the values of the QCD-induced pair pro-
ductions cross sections at 7 and 8 TeV at LO and
NLO+NNLL for an XQ with a mass from 400 GeV to
2000 GeV in steps of 1 GeV.
The efficiencies_database directory contains,
as described in Sec. 3, the efficiencies information for
the 7 and 8 TeV data implemented for all the simulated
masses, combinations of decay channels and coupling
chiralities.
The exp_data_proto directory contains the files
with the background, error on the background and
observed data information and are named with
the corresponding search name. For example,
the file vlq_CMS7_SS_analysis5_PROTO.txt in the
7TeV/CMS subfolder contains the information for the
three bins of the 7 TeV CMS search for SS dileptons
and the file structure is
1.1 1 SED_1BIN SED_SIGUNC 1
1.2 1 SED_2BIN SED_SIGUNC 0
2.6 0.54 SED_3BIN SED_SIGUNC 3
where the two strings for each line starting with the
SED_ identifier will be overwritten by the code with
the number of signal events and uncertainties on the
signal, respectively. When the code runs tempo-
rary files called with the corresponding search name,
vlq_CMS7_SS_analysis5.txt in this case, will be
created in a temporary directory exp_data and will
then be read by the cl_calculation.pl subroutine,
see Appendix B.3, to create the .cpp limit code files.
This temporary directory and files will be removed
at the end of the run. Information on background
and data can be found in the experimental papers for
which the corresponding arXiv number can be found in
eCLs_summary.dat
Appendix B.2. Limit code
The limit code directory contains the following files:
makefile_PROTO
statistics-5_header_PROTO.cpp
statistics-5_footer_PROTO.cpp
statistics-5_footer_debug_PROTO.cpp
The header and footer are the prototype files that
will be used by XQCAT, together with the informa-
tion contained in the files created from the prototype
in core/exp_data_proto, to generate the .cpp files
containing all the physical information for each bin of
the search or combination and that can be found at the
end of the run in the Results/user_run/cpp direc-
tory. As explained, these are the files with which XQ-
CAT will compute the eCLs for the given search and
combinations. In debug mode the footer labelled with
_debug will be used in order to force the limit code to
work with a fixed random seed. Also the makefilewill
be created from the prototype, though in this version of
the code no customization is available.
Appendix B.3. Subroutines
XQCAT uses seven Perl subroutines in order to cal-
culate the eCLs from the user input database
• importdata(): this function reads the informa-
tion in the input card created by the user or from
the default file. In particular, the number of quarks
for each specie, masses, BRs and chirality indices
will be saved in arrays used to calculate the final
number of signal events.
• findlimits(massmin,massmax): this function
compares the minimum and maximum value of
the quarks masses given in input by the user with
the simulated masses present in the database. If
massmin is lower or massmax is higher than the
highest simulated mass, the code will give an error
and stop.
• findeff(energy,detector,mass,vlqname,
vlqdecay1,vlqdecay2,chirality,search):
this function calculates the efficiencies for a
given LHC energy and detector search for
a quark of type vlqname with a given mass and
chirality for the final state given by the quark
and antiquark decays vlqdecay1 and vlqdecay2.
The function will search in the efficiency database
for the mass of the given quark. If this file is
not present a linear interpolation between the
closest lower and higher simulated masses will be
computed.
• findcs(energy,mass,csinput): this function
calculates the cross section for the QCD produc-
tion of a pair of quarks for a given LHC energy
and quark mass. LO or NNLO+NNLL cross sec-
tion will be computed according to the value as-
signed to csinput, respectively 1 and 2. If the
quark mass is not present in the database a linear
interpolation between the closest lower and higher
cross sections in the database will be computed.
• exportdata(ScriptPath,energy,detector,
search,nbin,weightvlqtypesumeff): this
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function will create a temporary file from the proto
files present exp_data_proto, as described in the
previous subsection, for each of the LHC energy,
detector and searches, or combination, with a
corresponding number of bins, nbins, for which
the code runs and in which it will be printed the
final value of the signal rate that is contained in
the vector weightvlqtypesumeff.
• cl_calculation(energy,detector,search,
searchname): this function creates and runs the
.cpp files with which the code computes the eCLs
for each of the LHC energy, detector and
searches for which the code run. An user friendly
name of the search, searchname, is also required
to be printed in stdout and in eCLs_summary.dat.
• cl_combination(ENERGY,DETECTOR,SEARCH,
SEARCHNAME): this function runs the combination
of searches and, analogously to cl_calculation,
it runs the .cpp files with which the code computes
the eCLs for each of the LHC ENERGY, DETECTOR
and the list of SEARCHES for which the code run.
The list of correlated searches is hardcoded in the
current version, but the user can modify the file
to perform combinations on different sets; notice
however that combinations require that both signal
and background bins are not correlated.
Appendix C. Worked out example
Although the use of XQCAT is relatively straightfor-
ward, in this final appendix, we provide two worked out
examples and the corresponding results that have been
calculated in debug mode, with 10000 iterations, an un-
certainty on the signal of 0.3 and calculating also the
results for the combinations of the searches.
Appendix C.1. First example
As a first example we do not create a input.dat card
but we use the one that comes by default with XQCAT.
Typing at terminal ./xqcat.pl the user will find the
following stdout
---------------------------------
--- ---
------ ------
-------- xqcat_v1.2 --------
--- ---
----- WARNING: debug mode!! -----
--- to run it in default mode ---
---- set the debug flag to 0 ----
---- in settings.dat ---
------ ------
--- ---
---------------------------------
Please select 1 if you want results
at LO or 2 if you want results at NLO+NNLL
In making the choice 2 the user will be asked to give a
name for the run
Please type the name of the run
that we call test_run_1. Since no previous results are
present the code will start running and printing in std-
out mode the eCLs for the searches as soon as they are
calculated
input.dat not present using the default one
Calculating exlusion CL for
CMS alphaT 7TeV (arXiv:1210.8115)
Iteration 10000 out of 10000
-2*ln(Q) = 0.584964
eCL = 0.2947541
Once all the eCLs are calculated the program will end
---------------------------------
--- Thank you for using xqcat! --
---------------------------------
and the user will find the results in the
Results/test_run_1 folder.
Appendix C.2. Second example
After having run the first example a card called
input.dat will now be present in the input
folder that can be modified by the user before run-
ning again XQCAT. We now enter in stdin mode
./xqcat.pl 1 test_run_1 where the argument for
the choice of the QCD cross section, LO in this case,
and the name of the run are given to XQCAT directly
from the command line. Since the run name is the same
as the one of the first example, XQCAT will ask the user
what to do with the old results.
Result test_run_1 already exixts:
select 1 if you want to remove it
or 2 if you want to rename it
By choosing 2 the code will ask a new name to be as-
signed to the old folder
Type the name of the folder to which you
wish to rename test_run_1 to
that we call test_run_1_old. The code will start run-
ning as in the previous example giving the correspond-
ing LO results.
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Calculating exlusion CL for
CMS alphaT 7TeV (arXiv:1210.8115)
Iteration 10000 out of 10000
-2*ln(Q) = 0.37357
eCL = 0.19685039
and the user will finally find both the new and old (re-
named) results in the Results subfolder.
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